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[57] ABSTRACT
Primary anionic surfactants such as organic sulfonates,
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specifically petroleum sulfonates as well as synthetic
alkyl or alkylaryl sulfonates are effective for recovering
oil from subterranean, oil-containing formations only if
the salinity and/or concentration of divalent ions in the
formation water is relatively low. Many petroleum
formations contain water whose salinity is in excess of
the tolerance level of organic sulfonates, and either the
high salinity water must be displaced by a preflush or
the primary anionic organic sulfonate surfactants must
be used in conjunction with an effective solubilizing
co-surfactant in order to increase the solubility of the
organic sulfonate in the high salinity and/or hard water.
Suitable solubilizing co-surfactants include ethoxylated
alcohols, alkyl phenols, and alkyl or alkylaryl thiols, as
well as sulfated or sulfonated, ethoxylated alcohols or
alkyl phenols. Optimum performance in any particular
field is achieved if the ratio of primary anionic surfac-
tant to solubilizing co-surfactant is carefully chosen so
the surfactant combination exhibits borderline solubility
in the particular formation water in which the surfac-
tants are to be employed. The concentration ratio of
primary and solubilizing surfactants which results in the
desired borderline solubility may be identified by pre-
paring a number of samples in the formation water using
different ratios of primary surfactant concentration to
solubilizing co-surfactant concentration, measuring the
electrical conductivity of the samples and choosing the
concentration ratio corresponding to the sample which
produced the minimum electrical conductivity, or at
which point the conductivity vs. concentration ratio

curve exhibited an inflection point.

7 Claims, 2 Drawing Figures
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SALINITY TOLERANT SURFACTANT OIL
RECOVERY PROCESS

BACKGROUND OF THE INVENTION
1. Field of the Invention

This invention concerns an oil recovery process and

more specifically, a surfactant oil recovery process. Still
more specifically, this invention is concerned with an
o1l recovery process usable in subterranean oil forma-
tions containing abnormally high salinities and/or con-
centrations of divalent ions such as calcium and magne-
sium by the use of a primary anionic surfactant and a
solubilizing co-surfactant in a critical ratio.

2. Description of the Prior Art

Petroleum is normally recovered from subterranean
formations in which it has accumulated by penetrating
the formation with one or more wells and pumping or
permitting the petroleum to flow to the surface through
these wells. Recovery of petroleum from formations is
possible only if certain conditions exist in the formation.
The petroleum must be present in the formation in an
adequately high concentration, and there must be suffi-
cient permeability or interconnected flow channels
within the formation to permit the flow of fluids there-
through if sufficient pressure is applied to the fluids.
When the formation has natural energy present in the
form of an underlying active water drive, or gas dis-
solved in the petroleum which can exert pressure to
drive the petroleum to the producing well, or a high
pressure gas cap above the petroleum saturated portion
of the formation, this natural energy may be utilized to
recovery petroleum. Recovery of petroleum by use of
natural energy as described above is referred to as pri-
mary recovery. When this natural energy source is
depleted, or in those instances where the formation does
not contain sufficient natural energy to support primary
recovery, some form of supplemental or enhanced re-
covery process must be applied to the formation in
order to extract petroleum therefrom. Supplemental
recovery 1S sometimes referred to in the art as second-
ary or tertiary recovery, although in fact it may be
primary, secondary or tertiary in sequence of employ-
ment.

Water flooding, which involves the injection of water
into the subterranean, petroliferous formation for the
purpose of displacing petroleum toward the producing
well, 1s the most economical and widely practiced sup-
plemental recovery method. Water does not displace
petroleum with high efficiency, however, since water
and oil are immiscible, and also because the interfacial
tension between water and oil is quite high. Persons
skilled in the art of oil recovery have recognized this
inherent weakness in water flooding and many additives
have been described in the literature for decreasing the
interfacial tension between the injected water and the
formation petroleum. For example, U.S. Pat. No.
2,233,381 (1941) discloses the use of polyglycol ethers
as surface active agents or surfactants to increase the
capiilary displacement efficiency of an aqueous flood-
ing medium. U.S. Pat. No. 3,302,713 discloses the use of
petroleum sulfonates prepared from a specific boiling
range fraction of the petroleum feed stock for a surfac-
tant in oil recovery operation. Other surfactants which
have been proposed for oil recovery operations include
alkylpyridinium salts, alkyl sulfates, alkylaryl sulfates,
ethoxylated alkyl or alkyaryl sulfates, alkyl sulfonates,
alkylaryl sulfonates, and quaternary ammonium salts.
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The above described surfactants are satisfactory in
some formations, particularly wherein the salinity as
well as concentration of divalent ions in the formation
water 1s relatively low. Generally, the salinity must be
less than about 1,000 parts per million and the concen-
tration of divalent ions must be less than about 200 to
about 500 parts per million in order to permit the use of
the most commonly available primary anionic surfac-
tants such as petroleum sulfonate.

Persons skilled in the art have recognized the limita-
tion of simple anionic surfactants such as petroleum
sulfonate and have described the use of certain solubiliz-
Ing co-surfactants therewith. U.S. Pat. Nos. 3,811,504;
3,811,505; and 3,811,507 describe certain mixtures of
alkyl or alkylaryl sulfonates and nonionic surfactants
which exhibit satisfactory performance in petroleum
formations having high salinity and/or hard water. U.S.
Pat. No. 3,508,612 (1970) describes the use of a dual
surfactant system comprising an organic sulfonate such
as a petroleum sulfonate and a sulfated, ethoxylated
primary or secondary alcohol, which is compatible with
high salinity and/or high divalent ion containing forma-
tion waters. U.S. Pat. Nos. 3,827,497 and 3,890,239
relate to oil recovery fluids and processes which are
compatible with high salinity formation waters and
involve organic sulfonate and sulfonated, ethoxylated
alcohol mixtures.

While the aforementioned multi-component systems
can be rendered soluble in high salinity and/or high
divalent ion concentration formation waters, their use
has not always been satisfactory because the ratio of the
concentrations of the primary anionic surfactant and the
solubilizing co-surfactant are extremely critical and
vary with the salinity, divalent ion concentration, as
well as with the specific surfactant composition being
employed. If too little solubilizing surfactant is used, the
primary anionic surfactant precipitates in the presence
of the high salinity water. If too much solubilizing sur-
factant is used, the material is rendered so soluble in
water that its effectiveness for purpose of reducing the
interfacial tension between the drive water and the
formation petroleum is greatly reduced. In either case,
oil recovery falls off sharply. Moreover, the cost of the
solubilizing co-surfactant is generally two to five times
as great as the cost per pound of the primary anionic
surfactant, and the use of excessive amounts of solubiliz-
ing co-surfactant renders an oil recovery process eco-
nomically unattractive.

U.S. Pat. No. 3,916,997 (1975) describes the use of an
oil-external micellar dispersion wherein the concentra-
tion of surfactant and alcohol used as a solubilizer are
varied to produce a fluid having an electrical conduc-
tivity above a specified value. |

In view of the foregoing discussion, it can be appreci-
ated that there is a substantial unfulfilled commercial
need for an efficient and economical petroleum recov-
ery method applicable to formations containing high
saltnity and/or high divalent ion concentration.

SUMMARY OF THE INVENTION

The present invention concerns a petroleum recovery
process usable in formations containing water having
high salinities, e.g. total dissolved solids in excess of
20,000 parts per million and/or high concentrations of
divalent ions such as calcium and/or magnesium e. g.
greater than about 1000 parts per million. The surfac-
tant system comprises at least two surfactants;
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(1) a primary anionic surfactant, generally an organic
sulfonate such as petroleum sulfonate or a synthetlc
alkyl or alkylaryl sulfonate; and

(2) a solubilizing co-surfactant which renders the
primary anionic surfactant soluble in the particular high

salinity and/or high divalent ion concentration forma-

tion water, which may be any one of the following
surfactants or mixtures thereof.
(a) a nonionic surfactant such as an ethoxylated alco-
hol or an ethoxylated alkylaryl compound"
(b) a nonionic mercaptan related surfactant such as an
ethoxylated alkyl or alkylaryl thiol;
(c) an alkyl or alkylaryl polyethoxy alkyl sulfonate
compound having the following structure:

R — O — (CH, CH, 0), — R’ — SO,—M*

wherein R is an alkyl group, linear or branched, having
from 8 to 22 carbon atoms, or an alkylaryl group having
from 8 to 15 carbon atoms in the alkyl chain, |
n 1s an integer from 2 to 12
R’ 1s ethyl, propyl or hydroxypropyl,
S0, represents the sulfonate radical, and
M+ 1s a monovalent cation such as sodium, potassmm
or ammonium; and |
(d) an alkyl or alkylaryl polyethoxyl sulfate surfac-
tant having the following general structure:

R O — (CH,CH,0), —SO;—M*
wherein R, n and M+'have the same meaning as in (c)
above, and —0OSQ; is a sulfate radical.

Among other factors, the choice of solubilizing co-
surfactant is influenced by formation water salinity and
hardness as well as by formation temperature.

The ratio of the concentrations of the anionic primary
surfactant and the solubilizing co-surfactant is carefully
chosen so the surfactants are slightly soluble or exhibit
borderline solubility in the particular field water in

which the surfactants are to.be employed, which is

preferably the same as the formation water present in
the petroleum formation into which the surfactant fluid
is to be injected. The concentrations of surfactants
which produce the desired condition of borderline solu-
bility are determined by preparing a series of at least
four samples containing various concentrations of the
two or more surfactants dissolved in actual samples of
formation or field water to be employed in the field
project, and measuring the electrical conductivity of
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the samples. At least one of the samples should contain 20

insufficient quantity of solubilizing co-surfactant to
render the primary anionic surfactant soluble in the test
solution. The electrical conductivity may be plotted as
a function of the weight ratio of solubilizing co-surfact-
ant to primary surfactant, and the first occurrance on
the electrical conductivity vs. concentration ratio curve
having a minimum value and/or an inflection point is
identified. The weight ratio corresponding to this first
inflection and/or minimum point is the weight ratio
which corresponds to borderline solubility of the multi-
component surfactant composition in that particular
brine and is the preferred concentration ratio to be
employed in the oil recovery process.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A illustrates the oil recovery obtained in a
series of surfactant displacement tests conducted in
formation cores employing various ratios of solubilizing
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co-surfactant to primary anionic orgamc sulfonate sur-

factant. |
FIG. 1B illustrates the results of a series of tests in
which electrical conductivities of solutions of the same
solubilizing co-surfactant and primary anionic organic
sulfonate surfactants as were tested for oil recovery
efficiency for the test represented by FIG. 1A, were
measured and are plotted asa function of the concentra-

tion ratios.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Our oil recovery process involves a carefully bal-
anced multi-component surfactant system which will be
comprised of the following types of surfactants:

(1) at least one primary anionic surfactant, preferably
an organic sulfonate such as a petroleum sulfonate, or a
synthetic alkyl or alkylaryl sulfonate; and

(2) a solubilizing co-surfactant Wthh may be com-
prised of one or more of the following types of com-
pounds: | -

(a) a nonionic surfactant such as an ethoxylated alco-

hol or an ethoxylated alkylaryl compound,

(b) a nonionic mercaptan-related surfactant such as an

ethoxylated alkyl or alkylaryl thiol:

(c) an alkyl or alkylaryl polyethoxy alkyl sulfonate

havmg the following structure: |

R — O — (CH,CH,0), — R’ — SO,—M*
wherein R is an alkyl group linear or branched having
from 8 to 22 carbon atoms, or an alkylaryl group having
from 8 to 15 carbon atoms in the alkyl cham
n i1s an integer from 2 to 12
R’ is ethyl, propyl or hydroxypropyl,
SO; represents the sulfonate radical, and
M+ 1s a monovalent cation such as sodlum, potassium
or ammonium; and
(d) an alkyl or alkylaryl polyethoxyl sulfate surfac-
tant having the following general structure:

R — O — (CH,CH,0),— SO,—M*

wherein R, » and M+ have the same meaning as in (c)
above, and —OSO,; is a sulfate radical. By |
Petroleum sulfonate is a particularly desirable pri-
mary surfactant for oil recovery purposes because it is
readily available, comparatively inexpensive and quite
effective under ideal conditions for recovering petro-
leum from subterranean, petroleum-containing forma-
tions. Petroleum sulfonate is, unfortunately, insoluble in
water having salinities greater than about 20,000 parts
per million total dissolved solids, and/or more than
about 200-500 parts per million divalent ions which are
generally calcium and/or magnesium. If petroleum
sulfonate is added to a brine having greater salinity
and/or divalent ion concentration than the above-iden-
tified limits, the petroleum sulfonate is insoluble and
will precipitate and ultimately settle out of the solution,
forming a clearly delineatable layer under the aqueous
solution. If such a fluid were injected into a subterra-
nean, permeable oil formation, little or no interfacial
tension reduction would be accomplished because the
petroleum sulfonate is not soluble in the aqueous fiuid in
which it is injected; moreover, there is a considerable
probability that plugging of at least some of the flow
channels in the oil formation would occur because the
precipitated petroleum sulfonate would block the small
capillary flow channels. Accordingly, either a different
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surfactant must be utilized, which is soluble in the for-
mation water in which the fluid is to be injected, or
another material must be added to the surfactant fluid
which will have the effect of increasing the solubility of
the primary anionic surfactants, e.g. petroleum sulfo-
nate or other organic sulfonate in the presence of the
high salinity and divalent ion-containing formation wa-
ter. Alcohols are sometimes employed for this purpose,
although they have only limited effectiveness and, addi-
tionally, it is preferable to utilize a material which is
itself a surface active agent and so is capable of reducing
the interfacial tension between the formation petroleum
and the injected drive water.

Any of the above-identified four general classes of
solubilizing co-surfactants may be combined with or-
ganic sulfonates such as petroleum sulfonate, and when
a proper ratio is achieved between the concentration of
the organic sulfonate and the solubilizing co-surfactant,
the organic sulfonate is rendered soluble in the presence
of high salinity and/or high divalent ion-containing
formation water and so can effectively reduce the inter-
facial tension between oil and water and thereby re-
cover substantial amounts of oil from a formation
through which the aqueous surfactant solution is
passed.

The choice of solubilizing co-surfactant is influenced
by the formation water salinity and divalent ion concen-
tration and by the formation temperature. The ethoxyl-
ated alcohols and thiols are effective up to salinities of
about 100,000 parts per million total dissolved solids
and in formations whose temperatures are as high as
150° F. at high salinities. The alkyl or alkylaryl polyeth-
oxy sulfates are effective in higher salinities, up to
100,000 parts per million, but hydrolyze in the presence
of temperatures above about 150° F. and also exhibit
phase instability under such conditions. The alkyl or
alkylaryl polyethoxy alkyl sulfonates are tolerant of
both very high salinities and high temperatures.

‘We have found that the degree of solubility of the
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surfactant composition in the field water is extremely 40

critical to the oil recovery efficiency of the process. If
the surfactant is much more soluble in water than oil,
the surfactants tends to be distributed throughout the
water phase including both formation water and in-
jected drive water, and little effectiveness will be
achieved at the interfacial zones between oil and water.
Similarly, if the surfactant is substantially more soluble
In oil than it is in water, the surfactant will partition into
and distribute itself throughout the oil phase, and will
have little effect on the surface tension existing at the
interfacial zone between oil and water. The optimum
surfactant effectiveness is achieved if there is a condi-
tion of borderline solubility of the surfactant fluid in the
drive water and/or formation water, so the surfactants
tend to exist in higher concentrations at the interfacial
zone between oil and water than either do the oil phase
or the water phase.

We have found that when using organic sulfonates
such as petroleum sulfonates and a solubilizing co-sur-
factant such as those enumerated above, the optimum
oil recovery efficiency occurs when the concentrations
of the two materials are carefully balanced so as to
produce a condition of borderline solubility. If too little
solubilizing cosurfactant is used in combination with the
primary anionic organic sulfonate, the primary surfac-
tant 1s not rendered soluble and at least a portion thereof
will precipitate in the aqueous solution. This can, as
discussed above, result in at least reducing the effective-
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6

ness of the surfactant fluid for the purpose of recovering
oil, and may lead to permanent, irreversible damage to
permeability of the formation matrix, which will pre- .
vent any further displacement of petroleum from the
formation. On the other hand, if more than the amount
of solubilizing co-surfactant which achieves the condi-
tion which we have described above as borderline solu-
bility is used in combination with the primary anionic
organic sulfonate surfactant, the surfactant is rendered
too soluble in the aqueous phase and the amount of oil
displaced by such a solution being injected into a forma- -
tion is reduced fairly substantially. Moreover, since the
cost of the solubilizing co-surfactants is generally from
two to five times the cost of the primary anionic organic
sulfonate surfactant, the result of using too much solubi-
lizing co-surfactant is that the fluid cost is increased in
addition to the amount of oil recovered by the use of the
fluid being decreased, which results in rapidly diminish-
Ing economic attractiveness of the process.

The amount of solubilizing co-surfactant necessary to
achieve the above-described desired condition of bor-
derline solubility is highly dependent on all of the possi-
ble variations in the structural characteristics of the
surfactant molecules employed. The equivalent weight
of the anionic primary organic sulfonate surfactant, for
example, will affect the amount of solubilizing co-sur-
factant required to achieve the condition of borderline

solubility. In the instance of using alkyl or alkylaryl
polyethoxy sulfates or sulfonates as solubilizing co-sur-

factants, any change in the length of the alkyl chain
which comprises the hydrophobe of the surfactant mol-
ecule, or a change in the number of ethoxy groups con-
densed with the molecule, will change the amount of
that solubilizing co-surfactant needed to 'achieve the
condition of borderline solubility with whatever pri-
mary anionic surfactant it is used. Furthermore, the
aqueous fluid salinity and the concentration of divalent
1ons present in the fluid will also vary the amount of the
surfactants needed to achieve borderline solubility.
Generally, higher salinity and/or higher concentrations
of divalent ions of the aqueous fluid in which the surfac-
tants are dissolved require increasing numbers of ethyl-
eéne oxide units to be present on the solubilizing co-sur-
factant molecule.

We have found that the only satisfactory method for
determining the proper concentrations of primary ani-
onic surfactant and solubilizing co-surfactant involves
actually preparing a series of solutions containing the
candidates for use in a particular application in various
concentrations, and determining the ratio of anionic
primary surfactant to solubilizing co-surfactant which
produces the desired condition of borderline solubility
in the particular environment of salinity and hardness in
which the surfactants are to be employed in a surfactant
flood. It is highly desirable that the surfactant fluid
salinity and concentration of divalent ions match the
salinity and divalent ion concentration of the formation
water as closely as possible, so the surfactants can be
tailored to operate in an optimum fashion in that partic-
ular aqueous environment. |

As a starting point, at least 4 and preferably at least 6
different solutions should be prepared. If petroleum
sulfonate is to be used, the concentration may be held
constant at a value of about 1-2 percent and the concen-
tration of solubilizing co-surfactant varied from 0.1 to
3.0 percent depending on the equivalent weight of the
organic sulfonate used, and the nature of the solubilizer.
Stated another way, the total concentrations should be
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between 1 and 5 percent and the weight ratio of solubi-
lizing co-surfactant to primary surfactant should be
between 0.1 and 4.0 and preferably less than 1.0. At least
one of the samples should contain a quantity of solubi-
lizing co-surfactant which is insufficient to render the
primary anionic surfactant soluble in the test solution,
with the other samples containing progressively larger
quantities of solubilizing co-surfactant. This is necessary
since the function of electrical conductivity versus con-
~centration of solubilizing co-surfactant sometimes ex-
hibits two distinct inflection points or minimums or an
inflection point first followed by a minimum value
which occurs at higher concentrations of solubilizing
co-surfactant. The second minimum or inflection point
is believed to be associated with formation or micelles
~ and does not correspond to the condition of borderline
solubility which we have found to produce the maxi-
mum oil recovery. Usually at least four samples will be
required to define the slopes before and after the desired
first inflection point or minimum. If the wrong concen-
trations are chosen initially, it will often be necessary to
prepare and test additional samples. More than four
samples may also be prepared initially to ensure prop-
erly identifying the desired first inflection point or mini-
mum of conductivity versus concentration of solubiliz-
ing co-surfactant encountered adjacent the concentra-
tion of solubilizing co-surfactant which is ineffective for
the purpose of solubilizing the primary organic sulfo-
nate surfactant. o

Having compared the series of surfactants in the for-
mation water as described above, the ratio of solubiliz-
ing co-surfactant to primary anionic surfactant which
results in the desired condition of borderline solubility is
determined as follows. The samples are placed in a
suitable cell and the conductivities of each of the sam-
ples are determined. The conductivity is then expressed
as a function of the ratio of the concentration of two
surfactants in some manner such as graphically, and the
minimum or inflection point of the conductivity versus
concentration function 1s determined. In some instances
a sharp minimum value will be identified; whereas in
other cases the conductivity function will exhibit a
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clearly identified inflection point, but will not necessar- -

ily change slope sign. The ratio of surfactants which
result in the first minimum conductivity or in the occur-
rance of the first inflection point of the conductivity
function, is the ratio which will produce the condition
of borderline solubility in the aqueous surfactant fluid,
and is also the ratio of surfactants which will achieve
the optimum oil recovery in a formation containing
water havmg the salinity and hardness similar to that
utilized in the tests.

Once the optimum weight ratio is identified, a second
series of oil recovery tests may be performed in which
the weight ratio is held constant and the total concen-
tration is varied to determine whether additional oil
may be recovered using more or less surfactant. For
example, if it is determined that the optimum ratio of
solubilizing co-surfactant to primary surfactant for a
particular application is 0.35 in a series of tests using 2.0
percent petroleum sulfonate and 0.7 percent solubilizing
surfactant (2.7 percent total surfactant concentration),
o1l recovery efficiency may be measured for surfactant
- fluids containing 1.0, 1.5, 2.0 and 3.0 percent total sur-
factant at the same weight ratio to identify the total
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surfactant concentration which results in the maximum

oil recovery.

8

The procedures for identifying the ratio of primary
anionic  surfactant to solubilizing co-surfactant which

‘produces the minimum or inflection point conductmty_

from which can be 'determined the concentration result-
ing in the borderline solubility needed for optimum oil
recovery can best be understood by reference. to the
attached FIGS. 1A and 1B. FIG. 1A depicts the results
of a series of conductivity measurements performed on
a series of aqueous solutions containing petroleum sulfo-
nate surfactant and a solubilizing co-surfactant. - _'
The petroleum sulfonate utlllzed in all of the tests’
from-which the curves of FIGS. 1A and 1B were de-
rived was a commercially available sample of petroleum
sulfonate obtained from Witco Chemical Company and

identified by their trademark as TRS 10B, which has an
equivalent weight of about 389. The solubilizing co-sur-

factant utilized in all of the tests was a sulfated, ethoxyl-

ated nonylphenol available commercially from GAF
Corporation as Alipal CO-436. In all instances, the solu-
tion salinity was 130,000 parts per million total dis-
solved solids and the concentration of divalent ions
(hardness) was 7600. A series of seven samples of the
above-identified surfactants dissolved in formation
water was prepared and the conductivity of each sam-
ple was determined. As can be seen from the curve of
FIG. 1A, the electrical conductivity curve exhibited a
sharp minimum value at a concentration of solubilizing
co-surfactant of about 1.33 percent. In all of the solu-
ttons, the concentration of petroleum sulfonate was held
constant at 2.0 percent Thus the ratio of solubilizing
co-surfactant to primary anionic surfactant which re-
sulted in the minimum electrical conductwlty was 1.332
or 0.665.

Several oil displacement tests were conducted in
cores obtained from the same formation as produced the
above-identified brine, and as can be seen from FIG. 1B.
the maximum oil recovery efficiency was obtained
using the same ratio of solubilizing co-surfactant to
primary anionic surfactant (petroleum sulfonate) as
resulted in the minimum value of electncal conductivity
in FIG. 1A.

‘Once the ratio of solubilizing co-surfactant to pri-
mary anionic surfactant has been established, the opti-
mum ratio will generally remain relatively constant
even though the total concentration of the surfactants in
the drive fluid is varied. The above ratio was established
in a series of tests in which the concentration of the
petroleum sulfonate was held constant and the solubi-
lizer concentration varied. It may be that the total con-
centration of the two surfactants can be reduced with-
out adversely affecting the oil recovery efficiency; or

‘conversely, a slight increase in the total concentration

can sometimes result in a significant increased oil recov-
ery efficiency. This should be determined by perform-
ing several oil recovery displacement tests using cores
and oil from the formation in which the oil recovery
process 1s to be applied, and varying the total concen-
tration over a reasonable range, usually from about 1.5
percent to about 3 percent by weight total surfactant
concentration being preferred.

The optimum oil recovery results are obtained using
surfactant concentrations producing the minimum con-
ductivity as stated above. Usually, the electrical con-
ductivity of an optimum fluid will be below about 7.0
and preferably below about 5.0 micromhoes X
10—4%centimeter—!. Thus another embodiment of our
invention is to identify a ratio of concentration of solu-
bilizing co-surfactant to primary anionic surfactant
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which produces a solution whose electrical conductiv-
ity 1s at least below about 7.0 and preferably below
about 5.0 micromhoes X 10~ *centimeter—!, and utilize
that ratio in a surfactant fluid for enhanced oil recovery.

Aother series of tests were performed along the same
lines as those described above, using essentially the
same petroleum sulfonate in the same salinity and diva-
lent 1on concentration field water as was used in the
foregoing tests. Instead of an alkylbenzene polyethoxy
sulfate, an alkylbenzene polyethoxy ethyl sulfonate was
used as the solubilizing co-surfactant. The alkylbenzene
polyethoxy sulfonate exhibits superior resistance to
hydrolysis during long exposures to formations waters,
especially in instances where the formation temperature
1s in excess of 100° F. The solubilizing co-surfactant was
prepared by sulfonating a five mole ethylene oxide ad-
duct of nonyl phenol. It was determined that the mini-
mum electrical conductivity resulted when the ratio of
solubilizing co-surfactant to petroleum sulfonate was
about 0.39. Oil recovery tests confirm that the maxi-
mum o1l recovery was obtained using a drive fluid con-
taining petroleum sulfonate and the nonyl benzene poly-
ethoxy ethyl sulfonate in the same ratio as produced the
minimum electrical conductivity, and using a total sur-
factant concentration of 2.87.

Once the optimum total concentration of surfactants
and weight ratio of solubilizing co-surfactant to primary
surfactant are identified as described above, the field
procedure is similar to field practices commonly used
for surfactant flooding operations. No fresh water pre-
flush is ordinarily needed since the surfactants are tai-
lored to operate optimally at the salinity and divalent
ion concentration of the formation water. Sacrificial
agents may be used to reduce surfactant adsorption if
the particular formation being exploited adsorbs the
surfactants being used.

The surfactant fluid is preferably prepared in forma-
tion water or field water having salinity and divalent
ion concentration about equal to the formation water.
The quantity of surfactant fluid utilized will generally
be from 0.1 to 1.0 pore volumes based on the pore vol-
umes of formation to be swept by the surfactant fluid.
‘The surfactant fluid should be followed by injection of
a mobility buffer, which is an aqueous solution of a
hydrophilic polymer such as polyacrylamide or poly-
saccharide, usually prepared in fresh water. Generally
from 50 to 1000 parts per million polymer concentration
1s sufficient to produce a fluid having a viscosity greater
than the formation petroleum viscosity, which is ade-
quate to ensure efficient displacement. Using from 0.1 to
0.6 pore volumes of the viscous mobility buffer solution
1s adequate. This is in turn followed by injection of field
water to displace all of the injected fluids and petroleum
through the formations to the production well. Field
water injection is continued until the oil cut of the pro-
duced fluid drops to an uneconomic level.

Thus, we have disclosed how the optimum weight
ratio of solubilizing co-surfactant to primary anionic
surfactant such as an organic sulfonate, including a
petroleum sulfonate sample, may be determined in sim-
ple laboratory tests that are relatively quick and inex-
pensive to perform. By measuring the electrical conduc-
tivity and determining the ratio of surfactants which
produces either an inflection point or a minimum value
in the conductivity vs. surfactant ratio function, the
optimum ratio of surfactants may be determined much
more readily than is possible by more conventional
means such as by the use of a plurality of core floods
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employing different surfactant combinations. The
method is also useful in field application of the process
of our invention, since the concentration ratio of surfac-
tants in the fluid being injected into the formation may
be continually or periodically monitored by means of
electrical conductivity measurements in order to insure
that the surfactants are being mixed and injected in the
proper ratio. Monitoring operations may be performed
manually or it may be incorporated in automatic mixing
equipment to continually maintain the proper balance
between the primary anionic surfactant and the solubi-
lizing co-surfactant.

While some discussion of the mechanism and theory
of operation of our invention has been included in the
foregoing discussion, it was included only for the pur-
pose of additional disclosure and it is not necessarily
meant to imply that these are the only or even the pri-
mary mechanisms responsible for the proper function-
ing of our invention. Although we have disclosed our
invention in terms of a number of illustrative embodi-
ments, our invention is clearly not so limited since many
variations thereof will be apparent to persons skilled in
the art of enhanced oil recovery without departing from
the true spirit and scope of our invention, and it is our
desire and intention that our invention be limited and
restricted only by those limitations and restrictions
which appear in the claims appended immediately here-
inafter below.

We claim:

1. In a method of recovering petroleum from a subter-
ranean, petroleum-containing, permeable formation
penetrated by least two wells in fluid communication
with the formation, said formation also containing
water of known or determinable salinity and divalent
Ion concentration, comprising injecting an aqueous
surfactant-containing fluid into the formation by means
of at least one of the wells to displace petroleum toward
at least one other well from which it is recovered to the
surface of the earth, said surfactant fluid comprising an -
aqueous fluid having salinity and divalent ion concen-
tration about equal to the formation water, containing
an organic sulfonate primary anionic surfactant and at
least one solubilizing co-surfactant selected from the
group consisting of ethoxylated aliphatic alcohols, eth-
oxyiated alkylphenols, ethoxylated alkylthiols, ethoxyl-
ated alkylarylthiols, alkylpolyethoxyalkyl sulfonates
having from 8 to 22 carbon atoms in the first alkyl chain
and the second alkyl is ethyl, propyl or hydroxypropyl
and from 2 to 12 ethoxy groups per molecule, alkylaryl-
polyethoxyalkyl sulfonates having from 8 to 15 carbon
atoms 1n the first alkyl chain and the second alkyl is
ethyl, propyl or hydroxypropyl and from 2 to 12 ethoxy
groups per molecule, alkylpolyethoxy sulfates having
from 8 to 22 carbon atoms in the alkyl chain and from 2
to 12 ethoxy groups per molecule, alkylarylpolyethoxy
sulfates having from 8 to 15 carbon atoms in the alkyl
chain and from 2 to 12 ethoxy groups per molecule,
wherein the improvement comprises |

(a) identifying the ratio of solubilizing co-surfactant

and primary anionic surfactant at which the above

mixture of surfactants is borderline soluble in the

fluid by a method comprising:

(1) preparing a series of at least four samples having
a total surfactant concentration between 1.0 and
4.0 percent by weight and weight ratios of solu-

bilizing co-surfactant to primary surfactant from
0.1 to 4.0;
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(2) measuring the electrical conductivities of the
samples creating a graphical plot of electrical
conductivity versus weight ratio of solubilizing
co-surfactant to organic sulfonate primary ani-
onic surfactant, and identifying the ratio of sur-
factant concentration corresponding to the first
inflection in the function of electrical conductiv-
ity versus concentration of solubilizing co-sur-
factant as the concentration of solubilizing co-
surfactant is increased from a value insufficient
to render the surfactants soluble in the fluid;

(b) blending the anionic primary surfactant and the
solubilizing co-surfactant in a ratio at which they
are borderline soluble as determined above.

2. A method as recited in claim 1 wherein the organic

sulfonate is selected from the group consisting of petro-
leum sulfonate, alkyl sulfonate, alkylaryl sulfonate, and

mixtures thereof.
3. A method as recited in claim 1 wherein the anionic

surfactant is petroleum sulfonate.
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4. A method as recited in claim 1 wherein the solubi-
lizing co-surfactant is an alkyl or alkylaryl polyethoxy
sulfate. ‘

9. A method as recited in claim 1 wherein the solubi-
lizing co-surfactant has the following structure:

R — O —(CH,CH,0), SO,~M*

wherein R is a linear or branched alkyl group having
from 8 to 22 carbon atomis or an alkylaryl group having
from. 8 to 15 carbon atoms in the alkyl chain, » is an
integer from 2 to 12 and M+ is a monovalent cation.
6. A method as recited in claim 1 wherein the solubi-
lizing co-surfactant is an alkyl or alkylaryl polyethoxy
alkyl sulfonate. - |
- 7. A method as recited in claim 6 wherein the solubi-
lizing co-surfactant has the following structure:

R — O —(CH,CH,0), —R’ —SO,—M*

wherein R is an alkyl group, linear or branched, having
from 8 to 22 carbon atoms or an alkylaryl group having
from 8 to 15 carbon atoms in the alkyl chain, » is an
integer from 2 to 12, R’ is ethyl, propy! or hydroxypro-

pyl, and M+ is a monovalent metallic cation.
x % X %k *% |
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